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Fine-structure spectrum of 0 2-rare gas van der Waals 
molecules
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A simple analytically solvable model is presented for the rotation-vibration-spin states in 0 ;-rare gas atom 
complexes, which predicts the form of the fine-structure spectrum. It is shown that this spectrum looks 
basically different from the pure 0 : spectrum, due to the partial quenching of the 0 ; angular momentum by 
the anisotropic 0 :-rare gas interaction potential. The model contains two properties of the 0 :-X  complex as 
parameters: the ground state average of the anisotropic potential < ^ :(/?)>0 and the end-over-end rotational 
constant <R -2>0, where R is the 0 2-X  distance. Adjusting these parameters yields quantitative agreement 
with the spectra that have recently been obtained from two different empirical potentials via accurate 
dynamical calculations. The model can be used for interpreting the experimental fine-structure spectrum of 
0 :Ar which is currently being measured.
INTRODUCTION
In a recen t p ap e r , 1 Tennyson and Mettes rep o rt  a c ­
cu ra te  dynamical calculations of the ro ta tion-v ib ra tion- 
e lec tron  spin s ta te s  in 0 2Ar. F rom  these calculations, 
they obtain the f in e -s tru c tu re  transition  frequencies and 
in tensities . Two fea tu res  a re  especially  noteworthy. 
F i r s t ,  the ir  spec trum  of 0 2Ar looks very  different from 
the pure 0 2 spec trum . This is not only of p rac tica l in­
te re s t  in view of the m easu rem en ts  (where to find lines 
in the microwave o r radiofrequency beam resonance ex ­
perim ents  which a re  now c a rr ie d  o u t? 2), but it is also 
in teres ting  since the deviation from the pure 0 2 sp e c ­
trum  is expected to be a m easu re  of the anisotropy in 
the 0 2- A r  interaction potential (if 0 2Ar w ere bound by a 
purely isotropic  in teraction, its f in e -s tru c tu re  spec trum  
would be identical to the 0 2 spectrum ). On the other 
hand, they found that two ra th e r  different em pirica l
0 2- A r  potentia ls3,4 yield strikingly s im ila r  f in e -s tru c -  
tu re  sp ec tra  (changing the anisotropy in one of the po­
ten tia ls4 by a factor of 2 did affect the frequencies, 
however).
In view of these num erical r e s u l t s 1 and the in te rp re ­
tation of the m easu rem en ts  which a re  in p ro g re s s , 2 it 
is im portant to understand why the spec trum  of 0 2Ar 
d iffers  from 0 2, how the d ifferences depend explicitly 
on the anisotropy of the potential, and which trans it ions  
yield the most accu ra te  information about the poten­
tia l and o ther p ro p e r tie s  of the complex. In the p r e s ­
ent paper, it is shown how these questions can be an ­
sw ered  by adopting a sim ple, but re a l is t ic ,  model for 
the ro ta t io n -v ib ra tio n -e lec tron  spin s ta tes  of OaAr (and 
o ther 0 2X complexes, X = r a r e  gas atom) which can be 
solved analytically .
ROTATION-VIBRATION-SPIN STATES OF 0 2X 
COMPLEXES
The re levan t Hamiltonian can be w rit ten1 as
H=HIot.vlb + H{lue , (1)
w here # rot-Vib ls the usual ro ta tion-v ib ra tion  Hamiltonian 
for an a to m -r ig id  diatom complex
2 2
^o .-v it  = -  ■ ¿ > R + B (R )L z + b N z + V(R,e) . (2)
The vecto r R = (/?,/3, a) connects the 0 2 m ass  center with 
the r a r e  gas atom X, the vec to r  r  = ( r0, 6,y) desc r ibes  
the (fixed) 0 2 bond length r 0 and orientation  and the angu- 
la r  momenta L and N a re  assoc ia ted  with the polar angles
03, a) and (6 ,y ), respec tive ly . All these angles a re  de ­
fined re la tive  to an a rb i t ra ry  space-fixed  (SF) coordinate 
f ram e . The constant jll denotes the reduced m ass:
M = )nx yn02/ + w?o2) j B(R) the end-over-end  rotational 
constant of 0 2X: B(R) =(2 i iR 2) '1, and b the 0 2 ro tational 
constant: b =(w 0r 2)’1 = 43.1  GHz. 5 The potential V{R,9) 
is conveniently expressed  in Legendre polynomials in 
(cos#), where 9 is the angle between r  and R:
v ( R , e ) = Y / v x(R )p x( c o s e ) .  (3)
X
F o r  a homonuclear diatomic such as 0 2 only te rm s  with 
even X occur. In addition to the iso tropic  potential 
V0(R), both the em pirica l 0 2Ar potentia ls3’4 used in the 
dynamical calcu la tions1 include only the anisotropic  
V2(R) te rm .
The 0 2 molecule is considered  to stay in the e lectronic  
ground s ta te  3Z~. Its e lec tron ic  o rb ita l momentum is 
zero and the dominant effective spin coupling te rm  is 
given by5’6:
¿fine = f  M 3 5C2 - S 2) (4)
with A0 = 59.5 GHz, S denoting the e lec tron  spin m om en-
A ^
turn and Sc its projection on the 0 2 axis r .  The ji0N* S 
te rm  included in Ref. 1, and o ther te rm s ,  have been 
om itted here , since they a re  of m inor im portance.
Tennyson and M ettes1 have calculated the ro ta tion- 
v ib ra tio n -e lec tro n  spin s ta te s  of 0 2Ar by diagonalizing 
the m atrix  of the Hamiltonian (1) over the following 
bas is :
X ,{R)\((N S)JL)F M f ) , (5)
where xq(R) denotes num erical rad ia l basis  functions . 7,8 
The angular momentum functions a re  products of s p h e r i ­
cal harm onics YNtMN(6,y)  and e lec tron  spin functions
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0StM coupled via C lebsch-G ordan  coefficients to get 
bas is  functions \ J ,M j )  which a re  then coupled to s p h e r i ­
cal harm onics YLiML(i3, a), in o rd e r  to obtain eigenfunc­
tions of the total angular momentum o p e ra to rs  F 2 and 
F z , which rep re sen t  the exact angular quantum num bers 
of the sys tem . Only basis  functions with odd N  have to 
be included, since the 0 2 nuclei have spin zero  and the 
e lec tron ic  ground s ta te  wave function is odd with r e ­
spect to inversion (rem em ber that the te rm  symbol 3S '  
r e fe r s  to a m olecular fram e lying along the 0 2 ax is ) . 5’6 
The electron  spin basis  is r e s t r ic te d  to the ground s ta te  
tr ip le t  (S = 1). Convergence of the eigenvalues to within
0. 3 GHz was reached  for <7 ^ 4  and N S  7.
So far, all the te rm s  in the Hamiltonian (2) and (4), as 
well as the basis  (5), have been exp ressed  re la tive  to a 
space-fixed  fram e (SF). Actually, it is m ore conveni­
ent to use  a body-fixed fram e (BF) with the 2 axis lying 
along the 0 2-X  axis R. This can be achieved by a r o ta ­
tion over two E uler angles {01, (3) which a re  the polar 
angles of R in the SF fram e. The Hamiltonian, a fte r  
this rotation, can be w ritten  as
Hrot.ylb = - ^ - ^ R  + B(R)(F-J):L + bXz+V(R,e) (6)
and
¿ nie = ! x 0(3 S ? -S 2) , (7)
A  A  A  A
where the op e ra to rs  N, S, J ,  and F a re  now expressed  
in body-fixed components (F* F = J® F = N* F + S® F since 
F = 0) and the second te rm  in Hrot_yih ls most conveni­
ently expanded as
B (R ) ( f  - J ) Z = B(R)(F - N - S ) z
= BCR)[F2+ NJ + S2 -  2(N, +S,)2+ 2N, S,
-  (NtF . +N.F. + S.F , +S.F.) + (N.S. + N.S,)] .
(8)
This transfo rm ation  of the Hamiltonian is an extension 
of the sp in -free  c a s e . 7-10 The rotation over two Euler 
angles ( a , /3) ra th e r  than th ree  leads to an unusual form 
for the components^of F (cf. Refs. 8-10); also, they do 
not commute with N and S. The step-up/dow n opera to rs  
a re  defined as N±=NX± iNy, S± =Sy± iSy, and F±=FX^ iFy.
The basis  (5) t ran s fo rm s  into:
X,(R) H  \ ( ( N S ) J L ) F K ) D i/ \ lc(a ,p ,Q)  , (9)
K
where the angular functions in the ket a re  now exp ressed  
in BF angles and the functions D K a re  ro tation m atrix  
e lem en ts . 11 R em em bering  that the polar angles of R a re  
zero  in the body-fixed fram e and substituting the r e l a ­
tion11
/ 2 T  + 1 \ 1/2
so that M j - K , one can rep lace  Eq. (9) by an equivalent 
basis
X,{R) \ (N S)J lODi/ F\ K(a ,P,  0) • (10)
The la t te r  basis  co rresponds to the in term edia te  quan­
tum num bers N, S, J , and K , in addition to the exact 
quantum num bers F  and M F> while the bas is  (5) o r  (9)
corresponds to N, S, J ,  and L.  The basis  of Eqs. (5) 
and (9) would be most appropria te  when the anisotropy 
in the potential is very  weak, as it is in H2X com ­
plexes. 7
The basis  (10) is s t i l l  not the m ost efficient one for 
our problem , however, since the anisotropic  (A* 0) 
te rm s  in the potential (3) will sp lit the energy levels of 
different s ta te s .  B asis  functions w ithN  = l ,  for in­
stance, will be sp lit  by the X = 2 te rm  in the potential 
into levels (V0{R)) - i  (VZ{R)) for MN =± 1 and levels 
{V0(R))+ I  (VZ(R)) for Ms  = 0. So, if (VZ(R)) Ls positive, 
which co rresponds to a T -shaped  0 2X complex, and su f­
ficiently large , then the functions with MN =0 will be 
ra ised  in energy to such an extent that they will hardly 
mix into the lower s ta te s  of the complex (see next s e c ­
tion). This destroys  J  as a good in term ediate  quantum 
number. A basis  which re f lec ts  this splitting is the un­
coupled product basis
XQ(R)YtliUlt(8,<p)eS'UsDlfJ 'K(a,l3, 0) , (11)
where (6 , 0 ) a re  the polar angles of r  in the BF system  
and also the components (Ms ) of the spin functions 9 S M 
a re  exp ressed  re la tive  to this sys tem . The elem ents of 
this basis  a re  eigenfunctions of the o p e ra to rs  N2, Ng, S2, 
F ^ f , F 2, and F f F with eigenvalues N{N+ 1), Ms , S(S+ 1), 
M s , K , F{F + 1), and M F, re sp ec tiv e ly , 8-10 and
k =m n + m s .
Finally, it is useful to consider the behavior of the 
b ases  under inversion. The SF basis  (5), including the 
e lec tron ic  wave function, has parity  ( -  i)*+s+L+1. The 
BF basis  (11) for (MN, M S)± (0, 0) has to be adapted to 
inversion:
Xq(R) [Y n , mn ® s tu s d hFJ , k + ( - ! ) *  y n , -mn ® s ,-m s d mFJ ,- k ] •
(12)
Then, again including the odd parity  e lectron ic  3Z" wave 
function, the total parity  becom es ( -
THE MODEL
First order model
Starting from  the product bas is  (11) in a BF fram e, 
one can make a num ber of simplifying assum ptions r e ­
garding the lower ro ta tion -v ib ra tion -sp in  s ta te s  in O ^  
com plexes. It has been observed already that the 0 2 
molecule can be considered to rem ain  in its e lec tron ic  
ground sta te , which co rresponds to a tr ip le t  spin func­
tion S = l ,  M s = -  1, 0 , 1. Actually, the adm ixture of 
e lectron ica lly  excited s ta tes  v ia  sp in -o rb it  coupling is 
a lready taken into account5,6 in the effective spin Ham ­
iltonian (7). B asis  functions with N  = 1 a re  lowest in 
energy, while bas is  functions with the next higher 0 2 
ro tational quantum number, N = 3, a re  ra ised  by the 
te rm  b N2 in the Hamiltonian (6) to an energy that is
10 6 =431 GHz higher. The ro tation  b a r r i e r  A in 0 2A r 
from  the T -shaped  equilibrium s tru c tu re  to the linear  
s t ru c tu re  is about 30 cm "1, 12 which co rresponds  to an 
anisotropic  potential VZ{R) = f  A ^  20 cm "1 — 600 GHz in 
the range of the van der W aals minimum R ^ R e . It is 
mentioned already in the previous section  that this 
anisotropy r a i s e s  the energy of the N  = 1, MN =0 s ta te s
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re la tive  to the N  = 1, MN =± 1 s ta te s  by |  VZ(R) =* 360 GHz 
Finally, one has to consider the rad ia l (stretching) m o­
tion of the 0 2-X  complex. A reasonable  es tim ate  for 
the fundamental v ibrational excitation energy in 0 2Ar is 
30 cm "1 — 900 GHz (cf. the A r2 value of 28 cm "1) . 13
Given all these energy d ifferences, one might a s s e r t  
that the lower ro ta tion -v ib ra tion -sp in  s ta te s  of 0 2Ar 
(and o ther 0 2X complexes) within, say, 200 GHz from 
the ground s ta te  a re  mainly composed of basis  func­
tions
0 OCft) Ytf ,jUN (&f 0 ) s Pt
with: (13)
N  = 1, Mn =± 1 , S = 1 , and M s = 0, ± 1 ,
where <p0(R) is the s tre tch  ground s ta te  wave function 
(vs = 0), which could be obtained, num erically  o r  as a 
linear  combination of functions xQ(R) [ c f . , the basis  
(11)], from a rad ia l (one-dimensional) equation with
the effective potential V0(R) - i  VZ(R). This effective 
potential corresponds exactly with the complete an iso ­
tropic potential3’4 if one can indeed r e s t r i c t  the ground 
s ta te  bas is  to N = l ,  MN =± 1.
The f i r s t  o rd e r  model proposed consis ts  of diagonal- 
izing the full ro ta tion -v ib ra tion -sp in  Hamiltonian [Eqs. 
(6) and (7)], in a zero  o rd e r  BF basis  (13) which is de ­
generate  with respec t to the “ unperturbed” Hamiltonian
#o = -
f t
2 [±R dR R + b N2 + y )  Vx(R )P x(cos8) (14)
with eigenvalue
E 0 = ( - 2HR dR r )  + 2b + (V0(R))0 - i ( V z(R))0 = t VsS0+2b , 
° (15)
where ( )0 denotes the rad ia l ground s ta te  expectation 
value over (p0{R).
The perturbation  m atrix  e lem ents a re ,  using Eq. (8), 
with B =(B(R))0 = (R-z)a/2 ii:
{NMh SM ’s K ’ F M f \ B(R)(F  -  J  )21 NM„SMs KFM F)
= diagonal: BF{F+  1) + BN(N + 1) + BS(S + 1) - 2 BKZ+ 2B M „M S
off-diagonal: B [.F(.F + 1) - K ( K ±  1)11/ 2[S(S+ 1) - M S{MS ± 1)]1/2 , (M'„=MN) ,  (M'S =MS ± 1) , (K '= K ±  1) , 
(tJMf, SM's K ‘ F M f | § X0(3S2 -  S2) | NM„ SM s KFM F)
= diagonal: § A0( - i),l*s -K N 2 N S 2 S
(N II C2 IlN) (S II Uz IIS) ,
-  Mn 0 MN - M e  0 M
off-diagonal: | x 0(-  I )**5 ‘ ^
2 N S 2 S
(Nil C z II A'XSIICAJI S) ,
N Me ±2 M
(-M L  = M„ =± 1) , (~M 's= M s =T 1) , (K’ =K = 0 ) .
(16a)
(16b)
(17a)
(17b)
The la t te r  m atr ix  e lem ents can be derived by expanding 
the BF spin Hamiltonian
3s 2 - s2 = T  ( - 1)°cZtQ(e, <t>) u z<_Q(s) (18)
in te rm s  of second rank ten so rs5 and using the W ig n e r-  
E ck art  th eo rem . 11 The reduced m atrix  e lem ents a re
(N' Il Cz IIN) = ( -  i f  \(2N' + 1)(2A' + D 11/2
N ‘ 2 N  
0 0 0
(19a)
and
<S||£/2 ||S> = [S(S+1)(2S-1)(2S + 1)(2S + 3)11/2 . 
The la rg e r  round b racke ts  denote 3-j sym bols.
(19b)
11
Thus, the (f irs t  order) se c u la r  m atrix  for the s ix ­
dim ensional zeroth  o rd e r  space (13) can be calculated. 
All the te rm s  a re  diagonal in K (K ' =K) except for the 
“ C orio lis” te rm s  [Eq. (16b)]. In the f i r s t  instance, I 
shall neglect these te rm s ,  making K  a good quantum 
number and the secu la r  m atr ix  diagonal, except for the
TABLE I. R esu l ts  of the f i r s t  o r d e r  model.
•I
E ig e n s ta te s  \ N , M N\ S , M s \ K,  F ) 
(m ultip lic i ty  2F +1) \K 1 ( - l ) p
T ota l
par i ty
F i r s t  o r d e r  energy ,  
re la t iv e  to ground 
level
1 -“ ( 1 1 ,1 ;  1 , - 1 ;  0 , F ) + \ l ,  - 1 ;  1 ,1 ;
v 2
0 . F » 0 + - ( - D f B F (F + 1 )
2 7 7 ( 11, 1 ; 1 , 1 ; 2 , F ) ±  11, - 1 ; 1 , - 1 ;
/ 2
- 2  ,F>> 2 ± T ( - l ) f |-A0 - 4 B + B F ( F + 1 )
3 7 7 ( 1 1 , 1 ;  1 , 0; 1 , F ) ±  11, - 1 ;  1 ,0 ;  -
V2
•1 , F ) ) 1 ± ¥ ( - 1 )^ f - \ ,  + B F ( F + l )
4 - ^ - ( | 1 , 1 ; 1 , - 1 ;  0 , F ) ~  1 1 , - 1 ;  1 ,1 ; 0 , F) ) 0 — ( - ! ) * ■ |-A0+ B F ( F + 1 )0
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FIG. 1. F in e - s t r u c tu r e  leve ls  of 0 2A r ca lcu la ted  by Tennyson 
and M ettes  (Ref. 1), using the PV potential (Ref. 4). The sepa  
ra t ion  of th e i r  s p e c t ru m  into four ro ta t iona l  ladde rs  accord ing  
to the app rox im ate  quantum num bers  IK  I and pa r i ty  indices p 
is based  on the p re s e n t  model.
elem ent (17b) between the two K - 0 bas is  functions. 
These bas is  functions a re  connected by inversion sy m ­
m etry  and by adapting the basis  to this sym m etry  a c ­
cording to Eq. (12), using the quantum num bers \K\ and 
ƒ?, the secu la r  m atr ix  becom es completely diagonal.
The f i r s t  o rd e r  re su l ts ,  sum m arized  in Table I, a re  
ex trem ely  sim ple . Still, they a re  very  in teres ting  as 
they show that the eigenvalue spec trum  of O^K com ­
plexes in the low energy region consists  of four ro ta ­
tional ladders: €{ + BF(F  + 1), z = 1, 2, 3, 4 with B =(B(R))0 
being the 0 2X end-over-end  rotational constant. Each 
ladder (z) corresponds with a definite ( \K  \ ,p) quantum 
number and the ladders  s t a r t  at different rungs, since 
the quantum num bers F  labeling the “ rotational” levels, 
must satisfy  the re la tion  F  ^ IK\ . The lowest (i = 1) 
and the highest (z = 4) ladder, both with K -  0, have lev ­
els of definite parity , a lternating  with F ,  while the 
rungs of the middle two ladders  (z = 2, 3), \K\ = 2 and 
IK\ = 1, a re  doublets of both + and -  partity .
Actually, these doublets will be sp l i t  by the off-d iago­
nal C orio lis  te rm s  [Eq. (16b)] which I have neglected so 
fa r . F o r  the \K\ -  2 ladder this splitting  will be very  
sm all  as there  is only d irec t  coupling with the IK\ = 1 
s ta te s ,  which yields equal shifts of the + and -  levels . 
The \K\ =1 s ta te s  mix with if  = 0 s ta te s  (of the sam e F  
and parity) and since the + and -  s ta te s  of the la t te r  
(for a given F) belong to the two different K -  0 ladders ,  
one obtains a splitting of o rd e r  BZF(F  + 1) S(S + 1)[(c3 -  €x) 
-  (€3 -  €4)_1] (the sign of this splitting a l te rn a te s  with F).
This model p red ic ts  the complete s t ru c tu re  of the
-1
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eigenvalue spec trum  of O2X complexes in the range b e ­
tween 0 and 200 GHz. The f in e -s tru c tu re  transition  f r e ­
quencies can be obtained from  the differences between 
these eigenvalues and the (dipole) selection ru le s 1:
A F  = 0 o r  ± 1, ±*+± for magnetic dipoles ± h ?  for e le c ­
tr ic  dipoles. Looking at the re su l ts  of Tennyson and 
M ettes , 1 one can observe  that, indeed, accura te  nu­
m erica l calculations for O ^ r  yield a spec trum  of this 
shape for both em p ir ica l  po ten tia ls . 3,4 This is c learly  
shown in F ig . 1. Table I of Ref. 1 contains the frequen­
cies of trans itions  between the different ladders  as well 
as trans it ions  within the sam e ladders . F rom  the sp l i t ­
tings within the ladders  one can deduce that B =(B(R))0 
equals 1.97 GHz for the PV potential4 and 2.04 GHz for 
the MG potentia l , 3 which corresponds with an average 
0 2- A r  d istance of (R"2)q1/z = 3. 78 and 3.71 A, r e s p e c ­
tively. The splittings between the ladders  a re  found 
t o b e ( e . l = 0): €2 = 39 .6G H z, €3 = 9 9 .6G H z, and €4 
= 111.8 GHz for the PV potential and €2 = 39.4 GHz,
€3 = 101. 3 GHz, and €4 = 112. 3 GHz for the MG poten­
tial, w hereas the f i r s t  o rd e r  model p red ic ts  €2 = 39.7 
GHz, €3 = 71 .4  GHz, and e4 = 95. 2 GHz, independently 
of the potential [provided that (V2(R))0 is sufficiently 
large  to make Eq. (13) a good zeroth  o rd e r  bas is ] .  A l­
though the agreem ent is not unsatisfac tory , considering 
the crudeness of the model, it can s t i l l  be improved s ig ­
nificantly via sim ple second o rd e r  co rrec tions .
__________________________________________________________________________________________________________________________________________________________________________________I
(Nf M/fSMg F M f I VZ(R) P 2(cos 6) \ NMS SMs F M F)
Second order model
In o rd e r  to obtain not ju s t qualitative, but also quan­
titative, ag reem ent with the accu ra te  calculations by 
Tennyson and M ettes1 for the splittings between the four 
ladders , the f i r s t  o rd e r  model should be extended. 
M oreover, this wi.11 tell us how sensitive  these splittings 
a re  to the anisotropy of the potential.
The zeroth  o rd e r  e igensta tes and the f i r s t  o rd e r  e i ­
genvalues (Table I) can be improved by the adm ixture 
of higher unperturbed s ta te s .  The dominant excited 
s ta te s  a re  probably the s ta te s  with Ar = l ,  MN =0, which 
lie above the ground s ta te  by I  (V2(R))o — 360 GHz (see 
preceding section), and the A7 = 3 s ta te s  which a re  higher 
than the N  = 1 s ta tes  by 106 =431 GHz. The next higher 
N = 5 s ta te s  correspond  with an excitation energy 28b 
= 1207 GHz, which is considerably  higher again. M o re ­
over, the A7 = 5 s ta te s  a re  not d irec tly  coupled to the 
ground (N  = 1) s ta te .
Both the Ar = 1, MN = 0, and the N  = 3, MN = 0, ± 1, ± 2,
± 3 excited s ta tes  (M s =0, ± 1) a re  coupled to the ground 
s ta te  by the spin te rm s  # fine [Eq. (7)], while the N = 3,
Ms =± 1 s ta te s  a re  coupled by the anisotropic  potential 
VZ{R) P 2(cos 6) as well. Using f i r s t  o rd e r  perturbation  
theory6 for the wave functions and second o rd e r  e x p re s ­
sions for the energy levels, the co rrec tions  can s t i l l  be 
done analytically (see Table II). The coupling m atrix  
elem ents a re
N
N'  2 N
-  Mn 0 M <N'IIC2llN> (20)s
and
(N 'm ; SM's F M F I t ì t ine| NMn S M s FM f )
N ' N
-M lf M'n - M n MN
s 2 S
-M 's M's -  Ms M
(N '  Il C2 II N) (S H i/ 2 II S) (21)
with the reduced m atrix  elem ents given by Eq. (19).
The sam e co rrec tion  procedure  can be used for pure 
0 2. The f i r s t  o rd e r  model (in this case  Hund’s coupling 
case b5' 6) co rresponds to taking a basis  composed of 
sph erica l  harm onics YNtU with N = l  and spin func­
tions Qs ,ms w ithS  = l, coupled to I J M j)  with J  = 0 ,1 , 
and 2 and calculating the expectation va lues  of # flne 
[Eq. (7)]. The second o rd e r  energy c o r re c ts  for the 
adm ixture  (also via # flne) of A7 =3 functions, again 
coupled w ith S  = l .  This affects only the J - 2 level; the
co rrec tion  is usually done by solv ing a two-dim ensional 
secu la r  p ro b lem . 5,6 F rom  the re su l ts  given in Table III, 
it is evident that second o rd e r  pertu rba tion  theory gives 
quite accu ra te  re su l ts  too.
F o r 0 2X, the re su lts  a re  shown in Table IV. Sub­
stitu ting reasonab le  values for the anisotropy p a ra m e ­
te r  VZ = {VZ(R))0 in 0 2Ar into the express ions  of Table II 
yields quantitative agreem ent between the second o rd e r  
model splittings and the accura te  num erica l sp e c tra  c a l ­
culated1 from the em p ir ica l  po ten tia ls . 3,4
TABLE IH. Second o r d e r  model r e su l t s  fo r  0 2.
( l ) ( 2 ) € ( l ) 4 . e ( 2)
Exact 
sp l i t t ings  
f ro m  H j jne E x p e r im e n ta l
€(J  = 2) - € ( J  = 0): y  A0 = 71. 4 GHz 
e(J = l)  —e{J = 0): 2AQ= H 9 .  0 GHz
2 4  A 2
25 0
10 b = - 7 .  9 GHz 63 .5  GHz 6 3 .2  GHz
0 119 .0  GHz 1 19 .0  GHz
62. 5 GHz
118. 8 GHz
•Reference 5.
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TABLE IV. Second o r d e r  model r e s u l t s  for 0 2A r (spli t t ings between the four la d d e rs  in GHz).
£(1>
V2 =450 GHz
e (1>+e(2) for 
V2 =600 GHz V 2 ~ 750 GHz V2 = 900 GHz
A ccu ra te  dynam ica l  
ca lcu la t io n s13
With PV With MG 
potentia l0 p o te n t ia l
e2 - e i a 39. 7 /3 9 .4 41. 7 /4 1 .4 4 1 .2 /4 0 .9 4 0 .8 /4 0 .5 4 0 .5 / 4 0 .2 39 .6 39 .4
* 3 - e l 71 .4 92.3 95 .5 98. 0 99. 9 99.6 101 .3
e4 “ €1 95. 2 110.5 111. 2 111. 8 112.3 111. 8 112.3
C a lc u l a t e d  with B =1. 97 and 2. 04 GHz for the PV and MG poten tia ls ,  re spec t iv e ly .  
bR efe ren ce  1.
R e f e r e n c e  4. 
dR efe rence  3.
CONCLUSION
F rom  a very  sim ple, f i r s t  o rd e r  model (see Table I),
I have derived the general s t ru c tu re  of the f in e -s tru c tu re  
spec trum  in 0 2Ar (see Fig. 1). Although the 0 2- A r  in­
te rac tion  is a weak van de r  Waals bond, this spec trum  
is fundamentally different from the pure 0 2 spec trum  
(cf. Table III). The d ifferences a re  shown to be caused 
by the pa r tia l  quenching of the free  0 2 ro tations by the 
anisotropic  0 2Ar interaction potential. This anisotropy 
makes the projection \K \ = IMN + M S I of the 0 2 angular 
momentum J  = N + S on the 0 2Ar axis a (nearly) good 
quantum number, ra th e r  than the total diatom angular 
momentum J .  The f in e -s tru c tu re  spec trum  thus ob­
tained is typical for a T -shaped  0 2X (X = r a r e  gas atom) 
complex. F o r  the linear  case, if it ex is ts , one can 
easily  work out a s im i la r  model.
Adding (still  analytical) second o rd e r  co rrec tions  
(Table II) to the energy level splittings yields quantita ­
tive agreem ent (see Table IV) between the model sp e c ­
trum  and the data from accu ra te  dynamical ca lcu la tions ,1 
which have s ta r te d  from two different em p ir ica l an iso ­
tropic  O ^ r  po ten tia ls . 3,4 The model shows explicitly 
how the transition  frequencies depend on the s treng th  of 
the an iso tropic  potential Vz -  (V2(R))0 and the value of the 
end-over-end  ro tational constant B = (B(R))0 = (R~2)0/ 2 ii . 
This will be useful for in te rp re ting  the experim ental 
0 2Ar f in e -s tru c tu re  spec trum  which is cu rren tly
being experim entally  s tud ied . 2 If one wishes to 
exploit the full p rec is ion  of the experim enta l beam r e s o ­
nance data, one should s t i l l  perfo rm  accu ra te  num erica l 
calculations, such as those by Tennyson and M ette s . 1 
However, it will probably be n ecessa ry  also to improve 
the existing em p ir ica l  potentials, for instance, by the 
inclusion of higher anisotropic  V± te rm s .  The secu la r  
problem  to be solved is sim plified and convergence can
be acce le ra ted  by using a body-fixed basis  of the type 
(13), including higher rotational N = 3 , 5 , . . .  and s tre tch  
v ibrational ($ UsCR), with vs = 1, 2 , . . . )  components [ra ther 
than the space-fixed basis  (5) with s tre tc h  functions xq(R) 
derived from  the isotropic potential1].
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